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Abstract
The production and treatment of formation water from CO2 storage formations in south-east Queensland, Australia 
may have the dual benefits of improving CO2 injectivity, as well as, proving a supplementary source of water. Coal 
and gas-fired plants in this region generates about 25 Mt/yr of CO2 and consume approximately 36 GL/yr of water.
The sedimentary basins in this area are thought to be CO2 injection.
This paper suggests that water production can result in significant cost reductions and make storage sites much more
prospective. In addition, there may be opportunities for selling water.
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1. Introduction
Two of the greatest challenges facing humanity today are the reliable supply of clean water and of 
environmentally sustainable energy. Australia, like many countries experiences regular droughts. This
means that inland industries, such as mining and electricity generation, have been instructed to reduce
water consumption in order to preserve water for domestic and agricultural use. Australia also relies on its
abundant supplies of easily accessible, high quality coal resources to provide primary energy for much of 
its electricity industry and much of its heavy industrial activity. In response to the need to reduce
greenhouse gas emissions, carbon capture and storage (CCS) has been proposed as one of a suite of 
technologies that will enable the dramatic reductions in the carbon-intensity of the energy industry.
Two challenges to the widespread introduction of CCS are the uncertain abundance of suitable
formations for CO2 injection and the technical and economic risk posed by pressure build-up in those 
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formations. A further challenge is the possibility of the CO2 plume spreading too close to existing
resource production or migrating to depths where it may no longer remain supercritical.
In our own work on the estimation of CO2 storage capacity [1,2] as well as that of others [3,4] there is a
consistent recognition that the actual pore volume economically available for CO2 storage is significantly 
less than that estimated using purely volumetric methodologies. This means that rather than the promise of 
thousands of years of storage capacity that is implied in estimates of geological/theoretical capacity, the
actual amount of economic capacity will be limited. Therefore, methods of increasing the injectivity and
therefore storage capacity will be important to secure sufficient storage capacity for the wide-spread
implementation of CCS.
A possible solution to these challenges is to produce some of the formation water [5]. The removal of 
water away from the injection area creates lower pressure zones into which fluids near the injection area 
can be displaced. Furthermore, through careful selection of the site of water production, it may be possible
to control the migration of the CO2 plume. 
2. South-east Queensland
The south-east of Queensland in Australia (see Figure 1) is a microcosm of the broader Australian 
experience. The region is an important producer of wheat and other crops, as well as being an important
dairy and grazing area for sheep and cattle [6]. The region is also an important producer of fossil fuels.
The maturing gas fields in the Bowen and Surat Basins are estimated to have remaining resources of 
0.5 EJ (0.5 TCF) [7]. Meanwhile, remaining coal resources in this area of Queensland are estimated at 
approximately 100 EJ (5 Gt) and are used for thermal purposes, such as electricity generation, both here
and overseas [8].
Figure 1 Location (main image) of power stations ( ) and storage sites ( ) in south-east Queensland and (inset) south-east 
Queensland in Australia.
massive coal seam gas (CSG)
resources. Current estimates show the region holds approximately 34 EJ (31 TCF) of coal seam gas
reserves [7]. As part of the development, up to seven different LNG projects are being planned with
estimated capacity in the order of 30 Mt/yr [9]. There are also proposals for new coal seam gas-fired 
power stations [10].
The development of these resources has created tension between the CSG and agricultural industries
over the issues of contamination and sustainable use of the r In response to this
the Queensland Government has introduced legislation to refine the way in which water resources are
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managed by oil and gas operators [11]. The production of formation water to assist the geological storage 
of CO2 needs to be considered in this context.  
2.1. Power generation 
In this paper we consider five major power stations in the region that represent a mixture of generating 
technologies and capacities. The location of these facilities is shown in Figure 1 and their details are 
provided in Table 1. The oldest and largest facility, Tarong A&B, uses sub-critical pulverised coal, while 
Swanbank E is a combined-cycle gas turbine plant (CCGT). The remaining plants are supercritical 
pulverised coal plants. The table also shows the variety of cooling methods used in the plants. The plants 
also feature a range of cooling methods and this drives the differing rates of annual water use, which are 
between 0.1 and 0.2 ML/GWh for air-cooled plants and 2 to 4 ML/GWh for water-cooled plants. This 
results in these plants consuming almost 36 GL/yr of water. 
Table 1  Details of the technology, capacity, CO2 generated and water used for the power stations considered in this study [10,12] 
Power 
station  
Capacity  
(MW) Fuel Technology 
Cooling  
method 
Water  
use  
(GL/yr) 
Typical  
generation  
(TWh/yr) 
Emission  
intensity  
(t/MWh) 
CO2 
generated  
(Mt/yr) 
Millmerran  840 Black  coal 
Super-critical  
steam turbine 
Air-cooled  
condenser  0.8 6.62 0.796 5.27 
Swanbank E  385 
Coal  
seam  
gas 
Combined  
cycle gas  
turbine 
Forced-draft  
wet cooling  
tower  
4.7 2.34 0.363 0.85 
Tarong A&B  1,400 Black  coal 
Sub-critical  
steam turbine 
Natural-draft  
wet cooling  
tower  
20 5.49 0.884 4.85 
Tarong North  445 Black  coal 
Super-critical  
steam turbine 
Forced-draft  
wet cooling  
tower  
9 3.24 0.758 2.46 
Kogan Creek  750 Black  coal 
Super-critical  
steam turbine 
Air-cooled  
condenser  1.2 5.86 0.796 4.66 
Total 3,867    35.7 23.5 0.768 18.1 
 
We estimated the average annual amount of CO2 generated using the typical amounts of electricity 
generated for each plant and the average emission intensity for the generation technology as reported by 
Smart and Aspinall [12]. These calculations lead to annual rates of CO2 generated of just over 18 Mt/yr. 
Assuming that 90 % of the CO2 generated can be captured gives over 16 Mt/yr of CO2 available for 
storage. 
Smart and Aspinall also report that the water requirements of power stations with solvent-based CO2 
capture, means that the addition of CCS can lead to significant increases in water demand. The degree to 
which water demand increases depends largely on the cooling technology of the plant. For example, the 
addition of capture to wet-cooled supercritical coal plant results in a 0.7 ML/GWh increase in water 
demand, while for a wet-cooled CCGT plant there is an increase of 0.15 ML/GWh. For dry-cooled plants 
the increases are 0.72 ML/GWh for pulverised coal and 0.2 ML/GWh for CCGT. Because the base water 
use is much lower for dry-cooled plants, they have the largest proportional increases in water demand.  
We plot the estimated water demand of the power stations in Figure 2 without and with CO2 capture. 
The figure shows that, without capture, the dry cooled plants use relatively low amounts of water. 
However, the addition of capture to these large plants (750 MW and 840 MW) results in these plants 
using similar amounts of water as the smallest wet cooled plant (385 MW). For comparison, the figure 
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also shows the 97 GL/yr of groundwater allocated from aquifers in the Surat Basin for agricultural and 
other uses [13], the 1,002 GL/yr of water which farmers in the Condamine-Balonne River system [14], 
and projected production rates between 126 GL/yr and 281 GL/yr of ground water from CSG production 
for LNG [15]. These flows confirm that the demand for water by power stations is small compared to the 
demand from agriculture. This data also enables us to compare water flows from the production of 
formation water with the demand for ground water and/or surface water in the region. 
 
 
Figure 2  Annual water consumption by selected power stations with and without CCS, plus annual production rates of ground 
water from the Surat Basin, from the entire Murray-Darling River Basin for agriculture and of ground water from Coal Seam LNG 
projects 
2.2. CO2 storage opportunities 
The storage potential of 
significant regional assessments [13,16,17]. These assessments have identified the Surat and Bowen 
Basins as some of the most prospective onshore sites for CO2 storage in Queensland and in Australia. In 
particular, the Showgrounds Sandstone (Sst) in the Bowen Basin and Precipice Sst in the Surat Basin are 
considered to be very prospective.  
On the basis of the geological data reported in these regional assessments, we formulated three 
representative injection plays in the Surat and Bowen Basins (see Table 2). These plays are located 
between 190 km and 400 km from the power stations considered. The plays cover a range of geological 
properties, they are 5 to 50 m thick with poor (14 mD) to reasonable permeability (160 mD), reasonable 
porosity (13 % to 18 %) and sufficient depth for storage of CO2 in the supercritical phase (1,560 to 2,050 
m).  
3. Method 
We conduct numerical reservoir simulations of the injection of CO2 into each of these plays both with 
and without the production of formation water. To do this w
compositional reservoir simulator (GEM) to determine maximum CO2 injection rates for given conditions 
without CO2 breakthrough. For a given CCS project, these maximum injection rates provide an estimate 
of CO2 storage capacity and are used to estimate the number of wells required for a given injection rate. 
More details are available in our earlier work [18] and in the work of Azizi et al. [19]. 
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Table 2  Geological properties of the storage plays considered in this study [13,16,17] 
Play Basin Formation 
Areal 
extent* 
Injection 
depth Thickness Porosity 
Perme- 
ability Salinity 
Formation  
temp. 
Formation 
pressure 
Fracture 
pressure 
km² m m % mD mg/L °C MPa MPa 
Surat A Surat Precipice Sst 1,800 2,050 50 18 160 9,800 66 20.7 33.9 
Bowen A Southern 
Bowen 
Showgrounds 
Sst 
1,800 1,555 5 13 14 6,000 52 17.3 27.4 
Bowen B 1,800 1,560 10 13 130 6,000 52 18.9 29.0 
 
We estimate the costs of the compression, transport and injection of CO2 using a techno-economic 
model (ICCSEM) developed by researchers at the University of New South Wales for the CO2CRC. The 
model performs sufficient engineering calculations to enable a scoping level estimate of the project costs. 
The costs are calculated in A$(2012) with an exchange rate of US$0.95 per A$ and a real discount rate of 
7 %. The model assumes that construction occurs over 3 years and then the project operates for 25 years 
(with 85 % availability), before being decommissioned in one year at the end of the project for a cost of 
25 % of the initial capital. We also assume that the power required is supplied from the electricity grid. 
We model the transport portion as a series of pipeline segments up to 50 km long. The model places 
booster stations between these segments, if required, to maintain the CO2 in supercritical conditions and 
between the minimum and maximum pipeline pressures (8 MPa and 15 MPa, respectively). Water 
produced for pressure management is treated in a multi-stage process incorporating microfiltration and 
reverse osmosis to standards sufficient for use in power stations, industry, agriculture and households. 
Again, more details are available in our earlier works [18,20]. Although we included the cost or brine 
We have also not included the cost of 
distributing the treated water. 
4. Results 
4.1. Reservoir simulation 
The simulation results shown in Figure 3, are the maximum annual injection rates for our three 
different formations with different numbers of wells and the rates of water production for each formation. 
The results in Figure 3a show that, in each case, the production of formation water improves CO2 
injectivity. However, the degree of improvement strongly depends on the formation characterisitcs. Surat 
A which has the highest permeability, thickness and porosity, as well as being the deepest formation, has 
the highest injection rates without and with water production. The next best formation is Bowen B which 
has the next best combination of properties. The key reason for the different performance between Surat 
A and Bowen B is the thickness; the thickness of Surat A is five times that of Bowen B. The worst 
performing play, Bowen A, has the lowest permeability and thickness. The general trend of the injection 
performance without water production is that the incremental amount of CO2 injected for each additional 
well reduces as the number of wells increases. However, when water production is included, the 
maximum injection rate continues to increase. This occurs because water is relatively incompressible and 
so the reservoir model responds to higher injection rates through greater production of water (see Figure 
3b). 
4.2. Economics 
From our economic analyses we find that without water production, the cost of injection varies 
significantly. Figure 4a shows the costs of transporting 4.2 Mt/yr approximately 300 km to the different 
storage plays. Surat A offers the lowest specific cost (A$/t avoided) option and is about half the cost of 
the next cheapest play (Bowen B). With the addition of water production the costs go down for all sites 
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with the Surat A remaining the cheapest. The interesting result of adding water production is that, while 
the specific cost of Surat A decreases slightly (by A$7/t), the cost of Bowen B decreases by 75 %. The 
end result is a negligible difference between the two plays (about A$1/t). This result indicates that water 
production may be able to make previously less viable sites economically competitive with those that are 
viable without water production. The end effect of this is to increase the amount of pore space available 
for storage, that is, to increase the storage capacity. 
 
  
(a) (b) 
Figure 3  Results of the reservoir simulation: (a) maximum annual CO2 injection rates without and with water production, and (b) 
water production rates as a function of the number of injection wells. 
We also examined the effects of CO2 injection rate on the economics of CO2 transport and injection 
with and without water production. As Figure 4b shows, without water production we find that at 
injection rates over 2 Mt/yr the costs increase (i.e., to the right of Tarong North on the figure). This is 
because pressure accumulation reduces the injectivity of additional wells, meaning that increasingly more 
wells are required for each step up in injection rate. This leads to a steady increase in specific well costs 
and therefore total costs. However, by incorporating water production and so alleviating the build-up in 
formation pressure, we avoid the diseconomies of scale in injection costs and so the economies of scale in 
CO2 transport cause a decline in the total cost. There are some slight complexities in this trend because of 
transport distance. Kogan Creek is the closest source and so tends to make its transport cost smaller and 
Swanbank E is the furthest which tends to make its transport cost larger. 
 
  
(a) (b) 
Figure 4  Results of our economic analysis into the effects of water production on the costs of transport and injection (a) from 
Tarong A&B into the different storage plays and (b) from various sources into the Surat A play. 
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As shown in Figure 5, the cases we study result in the production of between 1 and 8 GL/yr of water.
These production rates are similar to the water demand from the Swanbank E power station. The costs of 
treating this water are significant (in the order of several million dollars). However, in comparison to the
other costs of CCS they are small. Moreover, the cost of water treatment for the various cases falls below 
the average price of water in the region, meaning that it may be possible to sell this water and improve the
economics of CCS further. The lower end of the water production rates are similar to the rates of water
consumed by the dry cooled power plants at Millmerran and Kogan Creek, while the higher end of the
production rates are similar to those demanded by Swanbank E. This suggests that water production from 
CO2 injection projects could help supply water to electricity generators in South-East Queensland. Further 
there is also significant potential for meeting the water requirements of cotton irrigation. For example, the
cotton farm known as Cubbie Station is entitled to divert 3.8 GL/yr from local rivers [21].
We also compare our estimates of the levelised cost of water with those of Greenlee et al. [22] and 
Karagiannis and Soldatos [23]. These results show broad agreement with literature estimates. We also 
compare our cost estimates with the range of average prices for Queensland medium priority water
allocations (2008 to 2011) of A$1.1 to A$1.4 per cubic metre [24]. These allocations are essentially a 
permit to receive a certain volume of water from surface water sources. In the situations where the price is
above the cost of production it may be possible for the CCS operator to make a profit on the produced 
water by selling the water to agricultural and other users. Further opportunities can be seen in the market 
for high priority allocations which are about double that of medium priority allocations [24]. In addition,
Smart and Aspinall [12] report that the marginal cost of water to electricity operators is between A$14
and A$18 per cubic metre that is an order of magnitude higher than the average permit prices.
(a) (b)
Figure 5 Comparisons of (a) the water produced in conjunction with CO2 injection with that consumed by power stations before
CCS and after CCS, and (b) levelised cost of water treatment with literature estimates and medium priority water allocation prices.
5. Conclusions
We have shown in this paper that applying pressure relief to CO2 sinks reduces the cost of injection for 
the formations studied in south-east Queensland. It also has the benefit of making moderate injectivity
sinks (Bowen B) competitive with higher injectivity sinks (Surat A). Further, it eliminates diseconomies 
of scale in injection as flow-rate increases. We also find that the cost of water treatment is relatively small
when compared with the costs of CO2 transport and storage in this region. Therefore, the water produced
could supply and/or offset water requirements of nearby power stations, it could also be sold into the
water market to provide some supplementary revenue to the CCS operator.
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